INTRODUCTION 1 2
Next generation sequencing (NGS), Microarray hybridization (MH) and high throughput proteomic 3 techniques opened a new era in biomedicine by enabling large scale analysis of gene expression at 4 both the RNA and protein levels [Kumar, 2016] . Multiple experimental platforms based on different 5 principles and utilizing different reagents were developed for these tasks [Kumar, 2016] . According 6 to the International Aging Research Portfolio, over eight billion dollars in government funding have 7 been spent on research projects involving high throughput gene expression analysis since 1993 8 [Zhavoronkov, 2011] . This resulted in tens of thousands of publications. Unfortunately, gene 9 expression data obtained using different experimental platforms are poorly compatible with each 10 other even when obtained using the same biosamples. For example, a generally weak correlation 11 between NGS and microarray gene expression data has been reported [Buzdin, 2014] . Therefore, a 12 new data processing method is badly needed to enable data harmonization among different 13 platforms and experiments [MAQC Consortium, 2006; Zhang, 2013] . 14
Mathematical modeling of data aggregation effects 14
We investigated the hypothesis that the apparently higher robustness of OncoFinder PAS scoring 15 compared to single gene expression, is due to the cumulative nature of the former. PAS is the sum 16 of multiple mathematical terms that correspond to each individual gene product participating in a 17 pathway. Model calculations showed that this cumulative effect is able to reduce stochastic noise. 18
In the model, we included 271 pathways with variable numbers of gene products. We 19 assumed that the expression level of every gene product could be measured using two different 20 methods, say X and Y, corresponding to different experimental platforms (e.g. MH and NGS). Each 21 method introduces errors into the determination of gene expression level, and these errors are 22 independent. A Monte Carlo trial was performed as follows: we simulated both biased CNR (with a 23 median value of 1.5) and unbiased CNR with a median value of 1. We explored both noisy and 24 exact expression profiling methods, to allow whether measurement procedures introduce errors in 25 9 shown in Table 1 . 1
For each scenario, we calculated the benefit ratio , where C p and C g are the 2 correlation coefficients between the results obtained using methods X and Y, using pathway-based 3 (PAS), and individual gene product-based log CNR values, respectively. For each subset of genes in 4 a pathway, we performed 100 Monte Carlo stochastic simulations and then computed the mean 5 values of C p and C g using the R statistical package. The greater R>1, the higher the benefit from 6 using PAS instead of individual gene expression for the cross-platform comparisons; R<1 means 7 operating at the individual gene product level is better than the PAS level. 8
For biased expression profiles, scenarios A and B of Table 1, (Fig. 2) , the PAS method 9
shows much better agreement between the results obtained using different methods, compared to 10 the individual gene expression levels. The data aggregation advantage of PAS is especially strong 11 when both expression methods are noisy (scenario A). In scenario B, when one method is exact, the 12 benefit of pathway data aggregation is lower. This is caused mainly by higher expression 13 correlation already at the level of individual gene products (Fig. 3) . However, the advantages of 14 PAS remain considerable for pathways that contain at least 10 gene products (Fig. 2) . For shorter 15 pathways, the data aggregation effect is gradually decreased, and the R ratio reflecting the benefit of 16
using PAS values, trends towards 1. 17 For unbiased transcription profiles, with median relative gene expression levels equal to 1, 18 the data aggregation effect is completely lost (scenarios C and D). Here, the mean value for each 19 gene product component of the PAS score is zero; consequently, the expected PAS is also zero, and 20 the relative data variation is the same at the gene product and the PAS level. 21 The simulations clearly elucidate how the cumulative nature of PAS suppresses cross-22 platform data variation and batch effects. They show that there is a significant advantage of using 23 PAS to compare platforms, when at least one is noisy. This should apply to most if not all existing 24 high throughput experimental platforms, and it should be seen when experimental expression data is 25
compared. The simulations demonstrate that PAS calculations are advantageous for biased 26 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; transcriptomes and proteomes and virtually useless for unbiased ones. Unbiased data sets are too 1 similar to the control group used as the reference to calculate CNR values. This means that the PAS 2 approach will be especially useful when the expression signature in the sample under study is very 3 different from that of the control samples. This finding may help to identify appropriate control 4 samples for decreasing expression data noise. Finally, this model shows that the higher is the 5 number of gene products in a pathway, the greater the benefit of shifting from individual 6 gene/protein expression to PAS data For example, the mean number of gene products in the 7
OncoFinder database is 68 per pathway, and the model predicts about a 4.5 -fold decrease in data 8 variation at the PAS level in the biased noisy-noisy scenario, which may explain the success of the 9
OncoFinder approach in various applications [Buzdin, 2014a] . 10 
11

Experimental model of cross-platform comparisons. 12
In transcriptomic methods, batch effects arise from errors introduced at the stages of RNA 13 purification, library preparation and amplification, hybridization and reading of arrays [Risso, 14 2011 ]. We investigated whether the OncoFinder PAS algorithm can suppress batch effects 15 introduced by cross-platform comparisons. At the same time we assessed if the algorithm works 16 efficiently for formalin-fixed, paraffin-embedded (FFPE) tissue samples. Seven FFPE tissue blocks 17 isolated from human renal carcinomas were profiled using two independent experimental platforms. 18
The first was the Illumina HT 12 v4 bead array system optimized for FFPE tissues. The second was 19 a customized microchip system developed using the CustomArray (USA) technology of direct on-20 chip electrochemical oligonucleotide synthesis. The custom arrays had 3775 oligonucleotide probes 21 corresponding to 2214 human gene products involved in 271 intracellular signaling pathways 22
(Supplementary dataset S1). The custom arrays, used the original oligonucleotide probe sequences 23 of the Illumina HT 12 v4 platform, but shortened by 5 nucleotides at the 5' end and by 5 nucleotides 24 at the 3' end. Quantile -normalized gene expression data were deposited into the GEO database 25 with the accession numbers GSE65637 and GSE65639. The differences between the Illumina and 26 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a the Custom platforms included shorter oligonucleotide probe sequences, different library 1 preparation protocols and different hybridization signal development and reading methods 2 ( Supplementary Fig.1 ). The Custom method for library preparation was quite distinct from Illumina 3 and identical to that used by the Agilent MH platform ( Supplementary Fig.1B ,C,E) with the sole 4 exception that biotinylated rather than fluorescently labeled DNA is used at the terminal stage 5
( Supplementary Fig.1 B,E) . A brief comparison of the protocols used for the Custom and top 6 commercial MH platforms manufactured by the Illumina, Agilent and Affymetrix companies for 7 FFPE tissue profiling is given in Supplementary dataset S2. 8
To compare with the renal carcinoma samples, we used GEO dataset GSE49972 [Karlsson, 9 2014] containing 6 normal kidney samples to normalize the expression data and calculate PAS. The 10 normalized CNR expression data and PAS values are shown in Supplementary dataset S1. At the 11 level of individual gene products, we observed relatively low correlations (0.2-0.3) between the 12 same transcriptomes profiled using the two platforms ( Fig. 4 ; Supplementary dataset S3). In 13 contrast, at the PAS level the correlations were strong, varying from 0.84 to 0.91 ( Fig. 4;  14 
Supplementary dataset S3). 15
These results experimentally confirm the hypothesis that data aggregation at the PAS level 16 increases the stability of cross-platform expression data and that the advantage of PAS is retained 17 for FFPE samples. 18
19
Data aggregation effects assessed on different RNA and protein expression profiles 20
We investigated quantitative aspects of the effect of data aggregation on several datasets where the 21 same samples were profiled using different expression platforms (Tab. 2, Supplementary dataset 22 S4). 23
We observed two trends for the behavior of the benefit ratio . In model 24 calculations, we observed a crucial role of expression profile bias between the case and normal 25 samples for successful data aggregation of genes into pathways (Fig. 2, 3 ). We introduce a measure 26 respectively, of the set of log CNR values obtained for a given sample using the experimental 2 platform i. The results of the model calculation (Fig. 2,3 , scenarios A and B) suggest that, even for 3 the same values of β, R may be different depending on C g (correlation at the individual gene 4 product level): the higher C g , the lower R at equal β.
5
With a discrimination threshold for C g chosen as equal to 0.25 between low-correlated and the 6 considerably correlated samples, we can see the clear clusters of data for data aggregation effect 7 (Fig. 5 , blue dots for low and red dots for considerably correlated samples. Note that the two 8 clusters of data depending on the C g threshold are seen for both transcriptome-to-transcriptome and 9 transcriptome-to-proteome comparisons. 10
The data obtained suggests that when β is low, the R is hardly distinguishable from 1; 11 however, when β exceeds a threshold, the increase of R becomes statistically significant. The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; methods (Supplementary data set S5). These methods differ in the factors used to evaluate the 1 importance of distinct gene products in pathway activation. 2
Only three of the methods, OncoFinder, PE and SPIA, showed a substantial data aggregation 3 effect (R) ranging from 2-2.3. Other methods showed lack of any positive effect (Fig. 6) . Cross-platform data comparison has the potential to become an extremely useful tool in 7 contemporary biomedicine and bioinformatics. Although the application of PAS methods has the 8 ability to restore correlations between different expression data sets, the absolute values of PAS may 9 differ between platforms. To overcome this inconsistency, several cross-platform harmonization 1 10 methods can be applied ranging from the simplest z-scaling and mean-centering to more 11 sophisticated algorithms utilizing machine-learning/Bayesian harmonization (e.g., [Warnat, 2005;  In the current paper, we apply the term normalization to any method for within-platform batch effect elimination, and harmonization when such procedure is performed for the cross-platform comparison, although the mathematical methods for both the former and latter procedures may be different.
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; methods of PAS scoring (Supplementary dataset S6) using the samples of type A as normal. The 3 probability densities of the Euclidean distances between the PAS vectors calculated for the three 4 samples (B, C, and D) differ greatly depending on the PAS scoring method used (Fig.7) . In such an 5 assay, an ideal PAS scoring method should make distinctions between samples depending primarily 6 on the sample types, rather than on the experimental platform used. A satisfactory PAS calculation 7 method, therefore, should yield a unimodal distribution of the PAS-PAS distances, without any 8 significant deviations. If the distribution of PAS-PAS distances is bimodal or multimodal, this points 9 to the inability to eliminate platform-specific bias even at the pathway level. Only the OncoFinder 10 and TAPPA methods were able to eliminate the cross-platform bias for all three sample types 11 ( Fig.7) . 12
Hierarchical clustering (dendrograms shown in Supplementary data set S7). demonstrates 13 that only the OncoFinder and TAPPA methods enabled clustering of the PAS vectors exclusively 14 according to biological sample type. Thus, among the five PAS scoring algorithms tested, only 15
OncoFinder showed effective data aggregation with efficient retention of biological information in 16 three independent tests (Table 3) The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; of these concentrations into a pathway-oriented network apparently generates significantly more 1 stable data. We also tested whether OncoFinder and other PAS scoring methods can improve 2 expression data to suppress batch effects, the unwanted variation in gene expression measurements 3 on the same experimental platform made at different times, which frequently originate from the 4 limitation in the number of samples that can be processed at once in a single experiment 5 [Demetrashvili, 2010] . Batch effects also hinder the combination of different experimental datasets. 6
Batch effects are almost inevitable [Lazar, 2012] . By limiting analyses to single data sets, one 7 frequently must use an insufficient number of samples, which leads to high false-negative rates 8 [Lazar, 2012] . Eliminating batch effects enables larger datasets, and provides more statistical 9 power to subsequent analyses [Lazar, 2012] . 10
Here, using the Illumina HT12 bead array platform to profile human cancer samples, we 11 demonstrate that the PAS scoring technology OncoFinder effectively suppresses batch effects 12 present in the individual gene expression measurements (Fig.1) . OncoFinder efficiently increases 13 expression data stability from all major experimental platforms, for both fresh and formalin-fixed, 14 paraffin-embedded tissue samples (Fig.4) . redistribution for the entire set of genes profiled. As a rule, the cross-platform harmonization 5 involves data clustering and finding similarity regions among results obtained using different 6 platforms, to strengthen similarity during the harmonization process. 7
Unfortunately, current normalization and harmonization methods hardly distinguish between 8 artifacts introduced by batch effects and the real biological differences. Additional tools are needed 9 to improve normalization and harmonization procedures. We demonstrate here for most major 10 transcriptomic and proteomic commercial platforms that data aggregation at the level of molecular 11 pathways has the potential to reduce greatly the bias in the datasets under comparison. Since each 12 pathway may contain hundreds of different gene products, transition from single gene products to 13 the whole pathway level may restore biologically significant correlations. 14 We propose a term data aggregation effect for such restoration of biological correlation at 15 the pathway level. We created a mathematical model that simulates it and identifies the necessary 16 conditions for its applicability. Sample expression profiles must be biased compared to control 17 samples, i.e. the transcriptional signatures of the case samples must differ significantly from the 18 normal ones (Fig. 5) . The strength of the data aggregation effect grows with the number of gene 19 products in a molecular pathway. The data aggregation effect is especially strong when the initial 20 correlation between the expression data is weak (Fig. 2,3) . Finally, the choice of PAS scoring 21 method affects the data aggregation effect. On a model data set, the OncoFinder, Pathway-Express 22 and SPIA algorithms result in a considerable data aggregation effect, while TAPPA and TB-Score 23 don't (Fig. 6) . Only OncoFinder and TAPPA were able to preserve the biological features on the 24 model dataset MAQC after cross-platform harmonization, while with Pathway-Express, SPIA and 25 TB-Score methods, platform-introduced bias features still dominated the output expression 26 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; signatures (Fig.7) . Thus, among the five PAS scoring methods tested here, the OncoFinder 1 algorithm showed the best efficiency and accuracy (Tab.3), which makes OncoFinder a method of 2 choice for many applications using high-throughput analysis of gene expression at the RNA or 3 protein levels. 4
It should be possible in the future to refine PAS methods to create universal platform-5 agnostic analytic tools. These tools have a huge potential to accelerate progress in genetics, 6 physiology, biomedicine, molecular diagnostics and other applications by combining unbiased data 7 from many sources and various experimental platforms. Total RNA was extracted using TRIzol Reagent and then reverse-transcribed to cDNA and cRNA 6 using the Ambion TotalPrep cRNA Amplification Kit (Invitrogen, USA). The cRNA concentration 7 was quantified and adjusted to 150 ng/ml using an ND-1000 Spectrophotometer (NanoDrop 8
Technologies, USA). 750 ng of each RNA library was hybridized onto the bead arrays. 9
Gene expression experiments were performed by Genoanalytica (Moscow, Russia) and the O. 
Complete Whole Transcriptome Amplification WTA2 Kit (Sigma) was used for reverse 2 transcription and library amplification. The manufacturer's protocol was modified by adding to 3 amplification reaction a dNTP mix containing biotinylated dUTP, resulting to a final proportion 4 dTTP/biotin-dUTP of 5:1. 5
Hybridization was performed according to the CustomArray ElectraSense™ Hybridization and 6
Detection protocol. The hybridization mix contained 2.5 ug of labeled DNA library, 6X SSPE, 7 0.05% Tween-20, 20mM EDTA, 5x Denhardt solution, 100 ng/ul sonicated calf thymus gDNA, and 8 0,05% SDS. The chip was incubated in the hybridization mix overnight at 50ºC. The hybridization 9 efficiency was detected electrochemically using CustomArray ElectraSense™ Detection Kit and 10 ElectraSense™ 4X2K/12K Reader. The chip was designed using the Layout Designer software 11 (CustomArray, USA). 12 13
Functional annotation of gene expression data 14
The SABiosciences (http://www.sabiosciences.com/pathwaycentral.php) signaling pathways 15 knowledge base was used to determine structures of intracellular pathways, as described previously 16 [Spirin, 2014] . 17
OncoFinder. We applied the original OncoFinder algorithm [Buzdin, 2014b] for functional 18 annotation of the primary expression data and for calculating PAS scores. The microarray gene 19 expression data were quantile normalized according to [Bolstad, 2003] . The formula used to 20 calculate the PAS for a given sample and a given pathway p is as follows: 21
Here the case-to-normal ratio, CNR n , is the ratio of the expression level of gene n in the sample 23 under investigation to the average expression level of that gene in the control group of samples. The 24
Boolean flag of BTIF (beyond tolerance interval flag) equals one or zero when the CNR value has 25 . CC-BY 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; simultaneously passed or not passed, respectively, the two criteria that indicate a significantly 1 perturbed expression level from an essentially normal expression level. The first criterion is that the 2 expression level of the sample lies within the tolerance interval, with p < 0.05. The second criterion 3 is whether the CNR value lies outside the cut-off limits, i.e., either CNR < 2/3 or CNR > 3/2. ARR np , 4 the discrete value of the activator/repressor role equals the following fixed values: −1, when the 5 gene/protein n is a repressor of molecular pathway; 1, if the gene/protein n is an activator of 6 pathway; 0, when the gene/protein n is known to be both an activator and a repressor of the 7 pathway; and 0.5 and −0.5, respectively, tends to be an activator or a repressor of the pathway p, 2) Second, we stipulate that each pathway graph may be simplified up to the following structure 16 that includes only two chain-like (linear) branches: one for sequential events that promote activation 17 of whole pathway, and another for repressor sequential events. The adequacy of this quite radical 18 approximation was shown before in comparison with the full-scaled kinetic model [Kuzmina, 19 2011], when all protein-protein interactions were described using the mass-action law along each 20 edge of a highly branched pathway graph [Buzdin, 2014] . 21 Under these conditions, we presume that all activator/repressor members have equal importance for 22 the whole pathway, and come to the following formula for the overall signal outcome (SO) of a 23
given pathway, 
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The results for 271 pathways were obtained for each sample (see Supplementary Data set S1). The adjacency index for a pathway is defined as follows, 10
where N is the number of genes in the pathway, and the double summation of over the 12 ) ( sign The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; method [Even, Sh. Graph Algorithms, Cambridge University Press, 2011] using labeling visited 1 nodes to avoid the infinite cycling. 2 [Draghici, 2007] . The PE-score for a pathway K was calculated as follows, 3
Pathway-Express (PE)
The first term in this sum is the p-value for the probability to obtain the observed or a higher [Tarca, 2009] . To obtain an estimator for pathway 18 perturbation that is positive for an up-regulated and negative for a down-regulated pathway, use the 19 second term in formula (4), resulting in the accuracy value,
SPIA (Signal pathway impact analysis)
It can be 20
shown that [Tarca, 2009] 
I is the identity matrix, and 2 . ) (
The overall score for pathway pertubation calculated as:
Statistical tests 6
Principal component analyses were performed using the MADE4 package [Culhane, 2005] . 7
Hierarchical clustering heat maps with Pearson distances and average linkage were generated using 8 heatmap.2 function from the gplots package [Scales, 2015] . 9
Mathematical modeling 11
We performed a Monte Carlo trial to investigate the data aggregation effect. Something may be 12 missing here? We assumed that the number of genes in each pathway is distributed log-normally 13 with the variable median number N. The case-to-normal-ratio (CNR) values for each gene were also 14 sampled from the log-normal law, so that the value of log CNR had a normal distribution. When 15 sampling CNR, we distinguished between biased and unbiased models of gene expression. For the 16 biased model, the CNR distribution has a median value of 1.5, whereas for the unbiased model, the 17 median CNR value is 1. The standard deviation of the mean log CNR value was set to 0.3 for both 18 biased and unbiased models. The independent error produced by an experimental platform was also 19 sampled stochastically. We simulated both the exact and noisy expression profiling methods. By the 20 Prior to analysis, all the microarray data were quantile normalized [Bolstad, 2003] , and the RNA-6 seq data were normalized using the DESeq package from Bioconductor software [Anders, 2010] . 7
All gene products showing zero intensities were skipped to avoid aberrant data variations. Pearson 8 correlation coefficients between the same samples examined using different expression profiling 9 methods (e.g., proteome vs transcriptome or MH vs NGS) were calculated at two levels of data 10 aggregation: first, at the level of distinct genes and gene products -namely for the value of log CNR 11 (the so-called C g correlation value); and, second, at the level of the whole pathways, for the PAS 12 value (the C p correlation coefficient). Then, the ratio The C g threshold between the samples low and considerably correlated at the gp level was chosen as 5 equal to 0.25; blue dots: low correlation at gene product level; red dots: considerable correlation at 6 gene product level. The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/076620 doi: bioRxiv preprint first posted online Sep. 21, 2016; 
